In this work, Ba(Zr 0.25 Ti 0.75 )O 3 ceramic was prepared by solid-state reaction. This material was characterized by x-ray diffraction and Fourier transform Raman spectroscopy. The temperature dependent dielectric properties were investigated in the frequency range from 1 kHz to 1 MHz. The dielectric measurements indicated a diffuse phase transition. The broadening of the dielectric permittivity in the frequency range as well as its shifting at higher temperatures indicated a relaxor-like behaviour for this material. The diffusivity and the relaxation strength were estimated using the modified Curie-Weiss law. The optical properties were analysed by ultraviolet-visible (UV-vis) absorption spectroscopy and photoluminescence (PL) measurements at room temperature. The UV-vis spectrum indicated that the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic has an optical band gap of 2.98 eV. A blue PL emission was observed for this compound when excited with 350 nm wavelength. The polarity as well as the PL property of this material was attributed to the presence of polar [TiO 6 ] distorted clusters into a globally cubic matrix.
Introduction
In the last few years, the dielectric and optical properties of relaxor ferroelectrics have been widely investigated for applications in wireless communications, metal-oxidesemiconductor field-effect transistors, and optical and microwave dielectrics [1] [2] [3] [4] [5] [6] . The main characteristics of relaxor ferroelectrics are the large, diffuse and frequency dispersive maximum in the temperature dependence of relative permittivity (ε) [7] . The relaxor behaviour has been studied in detail for lead-based perovskites, such as PbTiO 3 [8] , Pb(Zr,Ti)O 3 [9] and Pb(Mg,Nb)O 3 [10] . However, these ceramics have serious drawbacks associated with the volatility and toxicity of PbO [11] . Therefore the chemical and physical 6 Author to whom any correspondence should be addressed.
properties of Pb-free compounds and their environmental friendliness have been investigated in order to improve the performance of electro-optic devices [12] . In particular, BaTiO 3 -based ceramics are considered good candidates for this purpose due to their interesting properties, mainly including low dielectric constant, large tunability, low loss tangent and good thermal stability. Considering this class of ceramic materials, the good combination between the high dielectric constant and the low dissipation factor makes barium strontium titanate (Ba,Sr)TiO 3 (BST) a promising material for applications in dynamic random access memories (DRAMs) [13] [14] [15] . However, the high dielectric loss at high frequencies exhibited by this ceramic limits its use as a microwave dielectric [16, 17] .
Currently, barium zirconate titanate Ba(Zr x Ti 1−x )O 3 (BZT) has been chosen as an alternative material to replace BST in the fabrication of ceramic capacitors, since [ZrO 6 ] clusters are chemically more stable than those of [TiO 6 ] [18] [19] [20] [21] [22] . Generally, this material is formed by a solid solution between barium titanate (BaTiO 3 ) and barium zirconate (BaZrO 3 ), where its dielectric properties and phase transition temperature (T m ) (from ferroelectric to paraelectric) are strongly dependent on Zr content into the lattice. For compositions with zirconium (Zr) content up to x = 0.05, BZT presents a perovskite-type rhombohedral structure at room temperature [23] . When the Zr content is increased up to x 0.08, BZT crystallizes in an orthorhombic structure and exhibits a broad permittivity-temperature (ε ∼ T ) curve near T m , which is caused by the inhomogeneous distribution of [ZrO 6 ] clusters into the titanium (Ti) sites and/or by the mechanical stresses on the grains [24] . A structural transition from tetragonal to pseudocubic is verified in BZT compounds when the Zr content is increased up to x ≈ 0.20 into the matrix [25] . In fact, this composition is responsible for the phase transition from ferroelectric to relaxor in these materials. Ravez and Simon [26] reported a typical relaxor-like behaviour in BZT ceramics with Zr content up to x 0.25. Tang et al [27] observed a 'slim' hysteresis loop in BZT ceramics with high Zr contents (x = 0.30 and 0.35). According to these authors, this typical relaxor behaviour is ascribed to the existence of micropolar regions into the lattice.
Recently, studies on the optical properties of crystalline and non-crystalline BZT thin films or bulk ceramics have been mainly focused on the infrared optical properties [28, 29] , complex refractive index [30] [31] [32] and photoluminescence (PL) [33] [34] [35] [36] . In particular, the PL properties have been observed only in BZT thin films and powders prepared by the polymeric precursor method.
Therefore, we report on the microstructure, relaxor dielectric and optical properties of Ba(Zr 0.25 Ti 0.75 )O 3 ceramics prepared by solid-state reaction (SSR). This material was structurally characterized by x-ray diffraction (XRD) and Fourier transform Raman (FT-Raman) spectroscopy. The relaxor dielectric properties were investigated by means of the dielectric constant and dielectric loss measurements as a function of temperature. The optical properties were analysed by ultraviolet-visible (UV-vis) absorption spectroscopy and PL measurements at room temperature. ) (99.0%, E Merck, India Ltd) and zirconium oxide (ZrO 2 ) (99.0%, Loba Chemicals, Mumbai) were used as raw materials. These compounds were stoichiometric mixed using isopropyl alcohol (IPA) and milled using an agate mortar to obtain a homogeneous powder. Afterwards, this powder was heat treated successively at 1573 K for 4 h with repeated cycles of mixing and grinding. Finally, the pure Ba(Zr 0.25 Ti 0.75 )O 3 phase was obtained when the sintering process was performed at 1673 K for 6 h.
Experimental procedure
Ba(Zr 0.25 Ti 0.75 )O 3 ceramic was structurally characterized by XRD using a DMax/2500PC diffractometer (Rigaku, Japan). XRD patterns were obtained using Cu Kα radiation in the 2θ range from 10
• to 75
• with a scanning rate of 0.02
• min −1 . FT-Raman measurements were performed using a Bruker-RFS/100. The spectrum was obtained with a Nd : YAG ion laser (λ = 1064 nm), keeping its maximum output power at 45 mW. The average grain size was estimated with a JSM T330 scanning electron microscope (Jeol, USA) operated at 25 keV. In order to measure the electrical properties of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic, discs were pressed uniaxially at 200 MPa with 2 wt% polyvinyl alcohol added as a binder. Afterwards, these discs were sintered at 1623 K for 4 h. The disc densities were estimated at approximately 5.96 g cm −3 by the Archimedes' principle. Silver contacts were deposited on the opposite disc faces and heated at 973 K for 5 min. The dielectric measurements were carried out in the frequency range from 1 KHz to 1 MHz using an impedance analyzer (HP 4192A, USA) connected to a computer. The dielectric data were collected at an interval of 3 K, keeping a heating rate of 0.5 K min −1 . The UV-vis spectrum was taken using a Cary 5G (Varian, USA) spectrophotometer in diffuse reflection mode. PL measurements were performed through a Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled to a R446 photomultiplier (Hamamatsu, Japan). A krypton ion laser (Coherent Innova 90K, USA) (λ = 350 nm) was used as an excitation source, keeping its maximum output power at 200 mW. The UV-vis and PL spectra were taken three times for each sample in order to ensure the reliability of the results. All measurements were performed at room temperature. Figure 1 shows the XRD patterns of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic sintered at 1673 K for 6 h.
Results and discussion

XRD analysis and clusters models
In this figure, all diffraction peaks were indexed to the perovskite-type cubic structure with space group P m3m, in agreement with the respective Joint Committee on Powder Diffraction Standards (JCPDS) card no 36-0019 [37] . Moreover, the sharp and well-defined diffraction peaks indicate that this ceramic material has a degree of crystallinity at long range. The lattice parameters and unit cell volume were estimated through the UNITCELL-97 program [38] using the regression diagnostics combined with nonlinear least squares. In this supercell, the Zr and Ti atoms are bonded to six oxygens ([ZrO 6 ] and [TiO 6 ] clusters), forming a polyhedron-type with octahedral configuration (figure 2). In principle, this crystalline structure is characterized by a high [39, 40] . On the other hand, the Ba atoms are coordinated to twelve oxygens ([BaO 12 ] clusters), resulting in a dodecahedron-type geometry. The existence of polar [TiO 6 ] clusters close to [BaO 12 ] clusters (ionic bond with radial orientation) causes the structural order-disorder into the cubic Ba(Zr 0.25 Ti 0.75 )O 3 matrix, contributing to the polarization processes into the system. References [41, 42] report that the coordination as well as the local non-centrosymmetry into the lattice of a particular material can be identified by means of x-ray absorption near-edge structure and extended x-ray absorption fine structure techniques. Figure 3 shows the FT-Raman spectrum of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic prepared by SSR and sintered at 1673 K for 6 h.
FT-Raman analysis
The Raman-active modes indicate the presence of structural distortions at short range in this material. In this case, it was possible to identify seven Raman-active modes in the FT-Raman spectrum of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic, where two are overlapping. These modes are classified into longitudinal (LO) and transverse (TO) components because of the long-range electrostatic forces associated with the lattice ionicity [43, 44] . In this Raman spectrum, the A 1 (TO 1 ) and A 1 (TO 3 ) modes situated at around 180 and 514 cm [45, 46] . The E(TO 1 ) and E(TO 2 ) modes detected at around 114 and 305 cm −1 are related to the phase transition from tetragonal to cubic [47] . These modes do not indicate that the Ba(Zr x Ti 1−x )O 3 with Zr content x = 0.25 has a tetragonal structure, but they suggest that in this cubic structure there are polar [TiO 6 ] distorted clusters. In particular, the E(TO 2 ) stretching mode is arising from the formation of [TiO 6 ] clusters at short range. The low intensity of this mode when compared with the BaTiO 3 [48] can be due to the non-polar [ZrO 6 ] clusters, which are able to reduce the dipolar interactions between the polar [TiO 6 ] clusters [49] (inset). The A 1 (LO 3 ) mode verified at 718 cm −1 is because of the sites containing polar [TiO 6 ] clusters or hexa-coordinated Ti species [49] . The other modes arise from lattice vibrations in the LO and TO directions. Figure 4 shows a typical SEM micrograph of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic prepared by SSR and sintered at 1673 K for 6 h.
Scanning electron microscope analysis
As can be seen in this micrograph, the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic is composed of large grains with an average size of approximately 10 µm. We believe that these morphological characteristics are governed by the matter transport mechanism between the grains during the sintering process. In principle, in the initial stages of SSR, the carbonates and oxides (BaCO 3 , TiO 2 and ZrO 2 ) used to form the Ba(Zr 0.25 Ti 0.75 )O 3 phase are well mixed and constantly milled in order to reduce the powder particle sizes. The heat treatment performed at 1573 K for 4 h promotes a slow kinetics of interdiffusion in the contact points between the particles with irregular morphologies [50] . Probably, this diffusion process leads to the formation of necks between the grains due to an elastic deformation caused by the surface energy reduction in the contact interface [51] . The neck growth is favoured by the long sintering time, allowing the matter transport at long distances [52] . In this process, the grain boundaries play a fundamental role in the material transport into the system. The formation of large grains with irregular shapes could be a result of the variations on the kinetics of movement from boundary to boundary, since the grain-boundary energy is dependent on the grain-boundary orientation and grain-boundary mobility [52] . When the sintering process was performed at 1673 K for 6 h, the grain growth process was intensified, causing a reduction in the number of pores and disappearing with some grains, generally the smaller ones [51] . In figure 4 , the occurrence of grooves between the grains was also observed. According to [53] , this phenomenon is caused by a capillarity driven process, where the grain boundary emerges to intersect a free surface [54] . In this case, the system seeks to minimize the combined energy of the grain boundary and the free surface by developing a groove at the point of intersection. The excess energy associated with the grain boundary provides the driving force to sustain the grooving process. Figure 5 shows the temperature dependence of relative real and imaginary dielectric permittivity performed at different frequencies (1 kHz, 10 kHz, 100 kHz and 1 MHz) for the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic prepared by SSR and sintered at 1673 K for 6 h.
Dielectric spectroscopy analysis
The real permittivity (ε ) value gradually increases up to a maximum value (ε m ) with the increase of temperature, and then it smoothly decreases, suggesting a phase transition. The maximum relative permittivity (ε m ) as well as its corresponding temperature (T m ) is dependent on the frequency. In this case, the relative dielectric permittivity magnitude decreases with the increase in the frequency, shifting the maximum value (ε m ) to higher temperatures. Hence, this result indicates that the dielectric polarization has a relaxation-type behaviour. As can be seen in figure 5 , the dielectric loss value corresponding to the ferroelectric phase was substantially reduced at room temperature up to the paraelectric phase (above T m ). Probably, the frequency dispersion at lower temperatures (below T m ) is because of the presence of space charges.
The high dielectric loss value at 1 kHz can be related to the different types of polarization and/or caused by the finite resistivity of the material. Moreover, the increase of the ε values in the region of low temperatures could be arising from the increase in the ionic conductivity as a consequence of a local disorder or displacement between the Ti-O, Zr-O, Ba-O bonds. In this case, this symmetric break induces the charge mobility into the octahedral clusters [55] . In figure 5 , when the frequency was increased, an increase in the dielectric loss with the temperature evolution was verified. This result indicates that the dielectric polarization is caused by a relaxation type as those observed in dipolar glasses [56] . Also, two relaxation peaks were observed in the graph corresponding to the ε as a function of temperature. The first, one located at 240 K, is generally ascribed to the transition from crystalline to glassy phase, while the second one, at 290 K, represents the molecular motion of the glass phase. In analogy with spin glasses, the dynamic susceptibility behaviour in disordered ferroelectrics is supposed to be associated with a broad spectrum of relaxation times. Generally, it is considered that the Debye model is based on the assumption of a single relaxation time. Thus, this model fails when employed for a relaxation time distribution. On the assumption of a relaxation time distribution, this implies that the local environment seen by individual dipoles differs from site to site. As a rule [57] , this relaxation process occurs in disordered ionic structures, particularly in solid solution. In the Curie temperature range, the relative dielectric permittivity exhibits high values with large dispersions, which is found in orientated glasses [56] . Qualitatively, the strong and broad dielectric peak indicates that the phase transition is diffuse type near the transition temperature (T m ). This phenomenon can be related to the inhomogeneous distribution of [ZrO 6 ] clusters into the Ti sites and/or by the mechanical stresses on the grains [58] . At 10 kHz, the maximum relative dielectric permittivity (ε m ) of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic was detected at 267 K (T m ).
This decrease in the Curie temperature can be explained on the basis of modified Landau-Ginzburg-Devonshire (LGD) phenomenological theory [59] , which is described by the following equation:
, T c is the size dependent Curie temperature, D is the crystal diameter, S 0 is the transition entropy, D 0 is the critical particle size where the ferroelectric phase does not exist and R is the ideal gas constant. The effect of grain size on the transition temperature is associated with the high surface tensions on the small grains, which act the same way as the hydrostatic pressure, reducing the Curie point. In addition, the forces experienced by the ions near or far from the grain surface are not equivalent. Therefore, these considerations suggest that there is a quadratic gradient between the grain bulk and surface. However, for small grain sizes, the superficial grain layers represent a significant fraction, which are able to influence the structural and dielectric properties. The diffuse transition nature, especially in the case of ferroelectric ceramics, is usually attributed to the grain size distribution and/or a quadratic gradient, leading to a transition temperature distribution. This phenomenon is more pronounced in samples containing both [TiO 6 6 ] clusters into the structure lead to the coexistence of regions with different Curie temperatures, which are dependent on the Ti and Zr concentrations in the solid solution [60] . A diffuse phase transition is commonly observed by the broadening of the dielectric constant (ε) as a function of temperature (T ). The large separation (in temperature) between the maximum real and imaginary (dielectric loss) points from the dielectric constant curve, deviation from the Curie-Weiss law near T m , frequency dispersion of both dielectric and dielectric loss in the transition region imply a frequency dependence with T m [61] [62] [63] . Figure 6 shows the inverse dielectric constant as a function of temperature performed at different frequencies (1 kHz, 10 kHz, 100 kHz and 1 MHz) for the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic prepared by SSR sintered at 1673 K for 6 h.
A deviation from the Curie-Weiss law can be observed for all frequencies ( figure 6 ). This deviation is a typical behaviour of ferroelectric materials with diffuse phase transition. The parameter T m describes the degree of deviation from the Curie-Weiss law and is defined as T m = T cw − T m , where T cw denotes the temperature where the dielectric permittivity starts to deviate from the Curie-Weiss law and T m is the temperature of the dielectric maximum [64] . The Curie temperature is determined from the graph by the extrapolation of the reciprocal dielectric constant in the paraelectric region. The obtained results are displayed in table 1.
A modified Curie-Weiss law has been proposed to describe the diffuseness in a phase transition [65, 66] : where both γ and C are constants. The parameter γ gives information on the phase transition character (γ = 1 → a normal Curie-Weiss law is obtained and γ = 2 → it reduces to the quadratic dependence which describes a complete diffuse phase transition). Figure 7 shows the graph of ln(1/ε −1/ε m ) as a function of ln(T − T m ) at frequencies of 100 kHz and 1 MHz, respectively. The γ value was found to be 1.71 for 100 kHz and 1.63 for 1 MHz, respectively. An important observation on the fit performed in our experimental data by means of equation (1) indicated that a universal γ value was not obtained in the temperature range above T m . The γ value continuously approaches unity when it departs from T m . This value suggests that the material has structural order-disorder and diffuse phase transition The slight deviations noted in the full width of the curves at different frequencies are analogous to those observed in other relaxor materials [67, 68] . For a more detailed insight into the relaxation process in the relative dielectric permittivity, a graph of 1/T m was plotted as a function of ln(ν), as shown in figure 9 .
In this figure, the nonlinear nature indicates that the data cannot be fitted by the simple Debye equation. In order to analyse the relaxation characteristics of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic, the experimental curves were fitted using the VogelFulcher equation [69, 70] :
where ν 0 is the attempt frequency, E a is the measure of average activation energy, k B is the Boltzman constant and T f is the freezing temperature. The T f is considered as the temperature where the dynamic reorientation of distorted [TiO 6 ] clusters leads to polarization in the lattice. The fitting parameters were T f = 128 K, E a = 0.15 eV and ν 0 = 1.03 × 10 11 Hz. The empirical relaxation strength described by the frequency dispersion of T m is defined as
where T res is derived from the dielectric measurement of the ceramic compound. In our work, this value is approximately 17.14 K. The optical band gap energy (E gap ) was estimated by the method proposed by Wood and Tauc [71] . According to these authors the optical band gap is associated with the absorbance and photon energy by the following equation:
UV-vis absorption spectroscopy analysis
where α is the absorbance, h is the Planck constant, ν is the frequency, E gap is the optical band gap and n is a constant associated with the different types of electronic transitions (n = 1/2, 2, 3/2 or 3 for direct allowed, indirect allowed, direct forbidden and indirect forbidden transitions, respectively). Thus, the E gap value of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic was evaluated extrapolating the linear portion of the curve or tail. In our work, the UV-vis absorbance spectrum suggests an indirect allowed transition and, therefore, the n = 2 was used in equation (4) . In principle, we believe that the obtained E gap value for the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic can be associated with an effect of structural order-disorder into the lattice due to a symmetry break between the O-Ti-O bonds and/or distortions on the [TiO 6 ] clusters. A plausible explication for the origin of this symmetry break can be related to the synthesis method. It is possible to conclude on this hypothesis that the high temperatures employed in the SSR during the sintering process are not sufficient to avoid the structural defects (symmetry break between bonds or distortions) into the Ba(Zr 0.25 Ti 0.75 )O 3 structure, mainly those arising from the repeated cycles of grinding. Consequently, these structural defects induce the formation of intermediary energy levels within the band gap, which are basically composed of oxygen 2p states situated near the valence band as well as titanium 3d and zirconium 4d states located below the conduction band (deep and shallow holes) [72] . Reference [73] reports that the deep holes are responsible for the green, yellow, orange and red PL emission at room temperature, while the shallow holes promote the violet and blue emissions. Figure 11 shows the PL spectrum of Ba(Zr 0.25 Ti 0.75 )O 3 ceramic prepared by SSR and sintered at 1673 K for 6 h. The inset illustrates a possible break symmetry caused by the distorted [TiO 6 ] clusters into the lattice.
PL analysis
This broad PL profile suggests an emission mechanism characterized by the contribution of several energy levels (or light emission centres) during the excitation and emission processes of photons. When excited with 350 nm wavelength, this compound exhibited a low PL emission with the maximum situated at around 467 nm (blue emission), suggesting that there is a greater contribution of the shallow holes than the deep holes within the band gap. We believe in this hypothesis, since the excitation energy (350 nm ≈ 3.54 eV) is higher than the E gap value exhibited for this crystalline material. As previously described in the text, the origin of these intermediary energy levels is due to the symmetry break between the O-Ti-O bonds and/or distortions on the [TiO 6 ] clusters, which are induced by the SSR method.
Conclusions
In summary, the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic was prepared by the SSR method. XRD patterns showed that this material crystallizes in a perovskite-type cubic structure with space group P m3m. The existence of Raman-active modes was associated with the structural distortions caused by the polar [TiO 6 ] distorted clusters at short range into the lattice. The SEM micrographs indicated that this material is composed of large grains (≈10 µm) with irregular shapes. These microstructural characteristics were attributed to the matter transport mechanisms via grain boundary during the sintering process. The distortion on the [TiO 6 ] clusters leads to a charge redistribution and polarization in the lattice. The relaxationtype behaviour was observed through the reduction in the relative dielectric permittivity with an increase in the frequency as well as by the broad dielectric peak near the transition temperature (T m ). The critical exponent value (γ = 1.71 at 100 kHz and γ = 1.63 at 1 MHz) obtained from the modified Curie-Weiss law suggests a strong relaxation behaviour. The experimental T m data indicated good agreement with the Vogel-Fulcher equation. The empirical parameters ( T m , T res and T cw ) confirmed the relaxor behaviour for the Ba(Zr 0.25 Ti 0.75 )O 3 ceramic. Finally, the origin of the blue PL emission was related to the intermediary energy levels within the band gap, where the greater contribution was attributed to the shallow holes situated near the conduction band.
